The Argo array provides a unique dataset to explore variability of the subsurface ocean interior. This study considers the subtropical North Pacific Ocean during the period from 2004 to 2011, when Argo coverage has been relatively complete in time and space. Two distinct patterns of Argo dynamic height transport function The limited temporal range of the Argo observations does not allow analysis of the correlation of ocean transport and wind forcing in the basin for the multiyear time scale (6-8-yr period) typical of the dominant gyre patterns. The meridional geostrophic transport anomaly between 1808 and 1508E is computed both from Argo data (0-2000 db) and from the Sverdrup relation (using reanalysis winds): similarities are observed in a latitudetime plane, consistent with local forcing playing an important role. A forcing contribution from the eastern subtropics will also reach the region of interest, but on a longer time scale, and it is not analyzed in this study.
Introduction
Wind-driven fluctuations in the circulation and temperature structure of the oceanic subtropical gyres have impacts on marine ecosystems and potentially on climate through ocean-atmosphere feedbacks in the western boundary current regions (Barsugli and Battisti 1998; Kelly et al. 2010; Kwon et al. 2010; Tanimoto et al. 2011) . Because of the long time scales of oceanic response, changes in large-scale ocean circulation are sensitive diagnostics of changing patterns in the noisier atmospheric forcing.
The Argo array, which began in 2000, is now providing the first continuous subsurface observations of gyrescale variability. Though the time span of Argo is still short, it is now sufficient to begin to see patterns of significant interannual variability; this work describes the period 2004-11, when Argo coverage has been consistently good in time and space.
Previous regional studies in the North Pacific have mostly been limited to altimetry and other surface ocean data and have described interannual variability in the Kuroshio Extension (KE) system, the North Equatorial Current (NEC), and the North Pacific Current (NPC). The dominant signals in dynamic height of the subtropical North Pacific are the interannual path and strength variations of the Kuroshio system (Qiu and Joyce 1992; Qiu 2000 Qiu , 2003 Qiu and Chen 2005, 2010a) . In particular, Qiu and Chen (2010a) 2006 to the end of the time series. During the unstable state the eddy kinetic energy level is enhanced, and the path meanders substantially. At the same time, the KE jet has a reduced eastward transport and a more southerly flow path. These patterns reverse when the KE system shifts to a stable state. The basinscale wind forcing has been shown to play a key role in determining decadal KE variability through linear Rossby wave dynamics (see also Miller et al. 1998; Deser et al. 1999; Lysne and Deser 2002; Qiu 2003; Douglass et al. 2010; Zhang et al. 2011) . However, Sverdrup transport change, based on wind stress forcing, underestimates the observed KE transport (Qiu 2002b) . This is consistent with the notion that the volume transport change in the Kuroshio Extension is not necessarily controlled by temporal changes in the upstream transport (Chao 1984; Yoon and Yasuda 1987; Yamagata and Umatani 1989; Sekine 1990; Akitomo et al. 1991 Akitomo et al. , 1997 , but it is also related to changes in the inertial recirculation gyre (Qiu and Miao 2000; Qiu 2002b; Qiu and Chen 2010a) . A recent analysis of altimetric and hydrographic data for the Kuroshio in the East China Sea (Andres et al. 2011) finds that largescale wind stress curl forces both a barotropic and a baroclinic mode that reach the region of interest via different waveguides. The barotropic response manifests itself at zero lag, propagating to the western boundary from the east and traveling southward through a coastal waveguide. This suggests that, in general, the absolute transport at a given latitude may differ from the Sverdrup balance along that line of latitude-waveguides can steer the barotropic mode across latitude lines.
Other studies have analyzed transport and location variability of the North Equatorial current in relation to the basin wind stress curl (Qiu and Joyce 1992; Qiu and Chen 2010b) . In particular, Qiu and Chen (2010b) used 17 years of satellite altimeter sea surface height (SSH) data and estimated the bifurcation location of the NEC along the Philippine coast to study its interannualto-decadal variability. The bifurcation latitude was found between 108 and 158N, with northern locations observed in late 1992, 1997/98, and 2003/04 and southern locations in 1999/2000 and 2008/09 . On interannual and longer time scales, variability was generally related to the Niñ o-3.4 index, with a positive index corresponding to a northern bifurcation and a negative index indicating a southern bifurcation. However, the exact location of bifurcation was determined by wind forcing in the 128-148N and 1408-1708E band, which includes variability not fully representable by the Niñ o-3.4 index. When the NEC bifurcates at the northern latitude, its surface transport tends to increase, the Kuroshio and Mindanao Current tend to intensify, and the SSH values tend to decrease in regions surrounding the Philippines and the Indonesian archipelagos. The reverse is true when the NEC bifurcation shifts to the south.
Interannual variability of the North Pacific Current (NPC) is documented by Qiu (2002a) , Douglass et al. (2006) , and Cummins and Freeland (2007) . Qiu (2002a) describes a steady strengthening over the period from late 1992 to 1998, as observed in altimetric data from the Ocean Topography Experiment (TOPEX)/Poseidon satellite mission. Baroclinic Rossby wave dynamics could explain the interannual variability in SSH, which dropped on the northern side of the NPC causing the strengthening; the wind-forced signal propagated slowly from the eastern boundary. Intensification of the subtropical gyre was also associated with an increase in the NPC transport in this period (Douglass et al. 2006 ). Cummins and Freeland (2007) used dynamic height from Argo, numerical simulations, and satellite altimetery data to quantify the relative strength of two orthogonal modes of the NPC variability, the breathing and bifurcation modes (Freeland 2006) . Results suggest that variability of the NPC is associated with largescale differential Ekman pumping rather than Rossby wave propagation or changes in the Sverdrup-balanced transport.
The goal of the present work is to integrate and expand on these earlier regionally based studies by taking a basinwide perspective on variability of the gyre structure and circulation. Section 2 describes the data used. Section 3 presents the ocean variability as observed in Argo. Section 4 relates this variability to wind forcing provided by ECMWF. Section 5 presents a summary and conclusions.
Data

a. Argo observations
Argo is a broad-scale global array of temperature/ salinity profiling floats, initiated in 2000 (Roemmich et al. 2009 ). The number of Argo float profiles in the region of interest (208-408N, 1208E-1008W) rapidly increased in time from 2004 to 2006, to about 12 000 per year, and the array has been maintained since then (Fig. 1a ). An example of measurement locations is shown in Fig. 1b for the year 2009. The western portion of the domain is more highly resolved than the interior and the east, but the overall distribution is sufficient to capture basin-scale variability year by year.
After quality control and adjustment of pressure bias, the raw data were gridded monthly on a 18 3 18 grid. The gridding of Argo temperature and salinity data was done by objective mapping, with latitude-dependant decorrelation scales (Roemmich and Gilson 2009) . To test whether substantial variance is lost by the objective mapping in lightly sampled regions, we also carried out an alternate gridding procedure consisting of binaveraging of data in overlapping large-scale regions of 555 km radius. Results based on this procedure were little different from the objective mapping case, and are therefore not discussed further.
b. ECMWF wind momentum flux
Zonal and meridional wind momentum flux data used in this analysis are available online from the European Centre for Medium-Range Weather Forecasts (ECMWF) website. They are synoptic monthly means from the ECMWF Interim Re-Analysis (ERA-Interim) for the period 1989-2011. Dee et al. (2011) describe the ERAInterim data. Brunke et al. (2011) found that for wind stress and latent heat fluxes, ERA-Interim performed better than most other products. (Ducet et al. 2000) . The dataset used here is the reference version on a 1 /38 3 1 /38 Mercator grid. It is based on two satellites, and it was chosen since it is homogeneous and stable in time over the 1993-2010 record. These data were smoothed to a 18 3 18 monthly grid in order to have the same resolution as Argo.
Ocean variability a. Argo data
This study describes interannual variability of the subtropical North Pacific Ocean (208-408N, 1208E-1008W) from 2004 through 2011. The ocean variability is analyzed using a transport function d DH, and anomalies in d DH are computed by removing the temporal mean and the seasonal cycle. We define d DH as the integral of dynamic height DH (a transport function on pressure surfaces) over all the Argo pressure levels, minus the spatial mean at every point in time,
DH(x, y, p, t) dp
. (1) In Eq. (1), DH is the dynamic height at pressure P referenced to the pressure p ref 5 2000 db, that is, DH(x, y, p, t) 5 Ð p p ref d dp; in this formulation, d(x, y, p, t) 5 1/r 2 1/r* is the specific volume anomaly, r is the density, and r* is the density corresponding to S 5 35 psu and T 5 08C at pressure p. d DH was spatially smoothed in space using a Parzen filter of 7 points in the zonal direction and 5 points in the meridional direction. Since the data are gridded at 18 resolution, this procedure filters out features with scales less than about 500 km.
The spatial mean in Eq. (1) (second term on the right) is an area-weighted average, and it is removed to focus on the circulation rather than on basinwide water column expansion. d DH derivatives in x and y are, in fact, related by geostrophy to zonal and meridional transport, respectively per unit latitude and longitude. For instance, according to geostrophic dynamics, an anticyclonic gyre in the Northern Hemisphere corresponds to positive d DH values (a dome) in the center and negative values (a depression) at the periphery. This is the case for the (temporal) average field of d DH in Fig. 2a (positive values are red, negative are blue), and it corresponds to the North Pacific Subtropical Gyre.
For each month, the time-varying transport function anomalies d DH are projected onto large-scale patterns that characterize the North Pacific Ocean, here using the formalism of a least squares fit. The least squares fit is of the following form:
where d DH(t) (N 3 1) is the vector of transport function anomalies at every point in the spatial domain for time t. Since the d DH data are smoothed with an 11-month running mean, the first and last 5 months of the time series are not considered. The matrix G is (N 3 2), where the first column contains the spatial pattern to be fit, and the second column is constant and it is used to remove any residual constant offset. A standard least squares procedure is used to minimize the misfit between d DH and the model Gm, so that m(t)
. The time series of fitted coefficients m 1 provides a measure of the variability of the system, while m 2 is a constant offset. Since the weighted average spatial mean was removed from the data at every point in time, m 2 is close to zero. The red line in Fig. 3a shows m 1 for the time-varying projection of the anomalies onto the time-mean transport function field (Fig. 2a) . This tests the extent to which the variability is a simple strengthening or weakening of the mean field. The blue line, also, shows m 1 , but now for the projection onto the mode-1 empirical orthogonal function shown in Fig. 2b (EOF, see North 1984; Dommenget and Latif 2002) . Since m 2 is close to zero, this blue line corresponds, also, to the temporal mode of EOF 1. The coefficients (m 1 ) in Fig. 3a , corresponding to the time mean and EOF 1 of the transport function, have very similar time series, with both indicating ocean variability of opposite sign between the earlier and later years of the record. Here the sign convention is that positive coefficients correspond to positive anomalies of the fitted field. Thus positive values of the projection onto the mean field (red line in Fig. 3a ) indicate a strengthening of the mean anticyclonic gyre, and negative anomalies imply a weaker gyre. For the EOF 1 (blue line), the projections have similar interpretations, but the region of stronger and weaker gyres in each period is mainly confined to the west of the Hawaiian-Emperor seamount chain (see Fig.  2b and, for details of the bathymetry, Fig. 2f ).
For each month in the time series, the fraction of spatial variance explained by the least squares fit is computed as
Because the constant m 2 is near zero, s i essentially represents the correlation coefficient of d DH and the spatial pattern in the first column of G. As shown in Fig.  3b , in both cases, s i (t) peaks in 2004/05 and in 2008/09, but EOF 1 explains more variance; this is expected since the EOF is defined to explain as much variance as possible in the first mode. The two peaks in Fig. 3b indicate when the strong and weak gyre patterns are most evident.
Maps of the transport function anomaly averaged over each year (Fig. 5) . The first box extends from 1408 to 1608E and from 208 to 358N (Fig. 5a ), while the second box is from 1608 to 1408W and from 308 to 408N (Fig. 5b) . The time series is shown as a thick gray line in the figure, and it aligns well with the 11-month running mean (thick black line). In the western box, values are significantly positive in 2004/05 and negative in 2008/09 (Fig. 5a ). The sign is opposite in each period for the eastern box in Fig.  5b . In both areas, the standard error is computed for the average in the box, and this is the measure used to estimate significance (see gray thin lines in the two panels). Annual means of the pressure anomaly of the 1026.4 kg m 23 isopycnal are also consistent with the transport function anomaly maps in Fig. 4 (not shown). They have the same sign, and this indicates that an anomalous depression of the isopycnal corresponds to an anomalous dome in the transport function. A similar behavior is expected since dynamic height and isopycnal pressure approximately mirror each other. The average pressure on the 1026.4 kg m 23 isopycnal is about 400 db, and the choice of analyzing this surface is made since it is in the subtropical gyre thermocline and it has similar behavior to neighboring isopycnals. Also, large-scale flows tend to follow isopycnals; hence, a density surface is appropriate when describing dynamics. Pressure on the 1026.4 kg m 23 isopycnal in this analysis is smoothed in space in the same way that d DH was smoothed, and the spatial mean (area weighted average) is removed at every point in time. The spatial distribution of the anomaly in time is consistent with two different displacements of the gyre during the Argo period. Figures 6b,c show the meridional dependence of pressure anomaly (cyan and purple lines) and of the mean field (green line) averaged in zonal bands. The temporal anomalies are also averaged in time over the periods 2004/05 (cyan line, period 1) and 2008/09 (purple line, period 2), and the error bars in the figure represent the standard error for this computation. In the western part of the basin (Fig. 6b) , the gyre mean shape (green line) shifts poleward during period 1 (cyan line anomaly) and equatorward during period 2 (purple line anomaly). Filled circles indicate the location of maximum pressure at different times: in 2004/ 05, it is north of the average position, in 2008/09 it is south. Farther east (Fig. 6c) , the opposite occurs in each period. The gyre has an elliptical ''bowl'' shape, with the major axis of the ellipse oriented roughly in the zonal direction. Isopycnals are deepest in the western part of the domain around 308 latitude (Rhines and Young 1982; Luyten et al. 1983 ). Figures 6b,c suggest that the gyre's major axis shifts to a more northwestsoutheast orientation in 2004/05 and to a more southwest-northeast orientation in 2008/09. The movement is around a vertical axis located in the western part of the basin (;1708E), and it is small in the sense that the gyre is displaced by a small fraction of its size, but nevertheless significant. Figure 6a provides a schematic. Two pressure contours are drawn for the two periods. In period 1 (cyan line) the gyre is shifted poleward in the west and equatorward in the east relative to period 2 (purple line). This is consistent with the rotation described above. Figure 6b also highlights steeper isopycnal slopes in the western portion of the basin during period 1, implying a stronger zonal geostrophic flow. In contrast, the anomalous isopycnal slope in period 2 is opposite in sign indicating weaker flow. Farther east, pressure anomalies are less effective in modifying the meridional isopycnal slope, and they mainly shift the gyre ''bowl'' shape (Fig. 6c) .
b. Satellite altimetry data
Satellite altimetric sea surface height (SSH) anomalies provide a dataset to explore gyre-scale variability beginning in 1993 and extending through the Argo era. In this analysis, the spatial mean is removed at every point in time, and a spatial smoothing is applied as done for the transport function d DH. Resulting values can be thought of as approximating anomalies relative to the mean Argo sea surface dynamic height referenced to 2000 db in Fig. 2c . A least squares fit is performed on this altimetric SSH anomaly field, and results can be seen in Fig. 3c (m 1 ) and in Fig. 3d (fraction of variance explained). SSH data are fitted to EOF 1 of SSH, as computed for the Argo period (green line) and for the complete SSH time series (magenta line). The magenta time series in panel c corresponds, also, to the temporal mode of EOF 1 of SSH anomaly for the period 1993-2010. The spatial pattern of SSH EOF 1, based only on data during the Argo period, 2004-10, (Fig. 2d) differs somewhat from the EOF 1 of the transport function (Fig. 2b) , and this is in part related to the shallower thermocline in the eastern subtropical Pacific. d DH is integrated in pressure, and it corresponds approximately to SSH mutiplied by an effective depth. Scaling the altimetric SSH EOF 1 during Argo by pressure on the 1026.4 kg/m 3 isopycnal, for instance, reduces the huge eastern anomaly values in Fig. 2d but not the western ones (not shown). The coefficient m 1 in Fig. 3c shows interannual variability of opposite sign in the earlier and later Argo years as described for the transport function d DH [panel (a) of the same figure] . These oscillations are also observed in the years prior to Argo. The fraction of variance explained (Fig. 3d ) peaks in each regime but the SSH EOF-1 spatial pattern for the Argo period (green line) explains less variance in the period prior to Argo. This suggests that, in the longer ;20-year period covered by altimetric SSH, either the interannual variability does not have the same larger-scale spatial pattern as during the recent Argo era or a lower frequency pattern of variability is causing the differences in the maps in Fig. 2d ,e. 
The atmospheric forcing
Changes in large-scale ocean circulation are sensitive diagnostics of low-frequency variability in the noisier atmospheric forcing. The baroclinic component of the oceanic response to such forcing has long time-scales. Analysis of variability in ECMWF wind momentum flux is presented here to investigate its possible relationship to the ocean variability described in section 3.
Zonal and meridional wind momentum flux anomalies induce anomalous heat fluxes into the ocean. Also, momentum and vorticity are transferred to the ocean through anomalous Ekman upwelling velocity (Qiu and Joyce 1992; Miller et al. 1998; Deser et al. 1999; Lysne and Deser 2002; Qiu 2003; Douglass et al. 2010 ). The Ekman upwelling velocity (w Ek ) is computed as
where r 0 is the characteristic density of the region, f is the Coriolis parameter, and t is the wind stress vector. Figure 8 shows maps of the yearly averaged Ekman upwelling anomaly . In the subtropical Pacific Ocean west of 1808, the vertical velocity is mostly and the eastern longitude x E (the label for this transport will be V G ); second, integrating the Sverdrup relation in the same zonal range (the label for this transport will be V S ): (Figs. 8d,e,f) anomaly time series versus latitude for different values of x E ; the anomaly is filtered with an 11-month running mean. If x E is west of the Hawaiian-Emperor seamount chain (see shallow topography around 1808E in Fig.  2f ), V G and V S anomalies have similar distributions (Figs. 9a, d and Figs. 9b, e) , but V G is lagged by about 1 year compared to V S . The reason for this lag is not clear, and it could be related to the spatial distribution of the forcing in the zonal range of interest as well as the remote forcing component. The similarity in the patterns is consistent with Sverdrup-like dynamics applied to the local anomaly field of Ekman upwelling velocity in Fig. 8 : when the wind curl forces Ekman pumping in the region, the water column moves equatorward; when Ekman suction is forced, the water column moves poleward.
The remote forcing by wind stress curl in the eastern part of the basin in previous years is not analyzed in this study because of the limited time range available for the Argo data. The gyre-scale oscillation described in this study has a temporal scale of about 6-8 years (see Fig.  3a ). This length is very similar to that of the Argo record, and it does not allow us to assess the significance of correlation between V G and V S in different regions of the subtropics. Also, the V G anomaly distribution seems not to change even when x E is moved east of 1808E (Fig.  9c) . Rather, anomalous V G is mainly due to meridional velocities in the western region. A separate analysis of the transport between 1908E and the eastern longitude AVISO SSH fields, the pattern of Sverdrup transport variability prior to 2004 does not show strong similarities to the recent Argo era (Fig. 9e) .
Summary and conclusions
The present work exploits the broad-scale spatial coverage and time series nature of Argo's subsurface ocean dataset. Argo provides a unique dataset to explore variability of the subsurface ocean interior during the period 2004-11. AVISO altimetry provides a complementary dataset for the Argo period and is also used to extend the analysis farther into the past, along with the ECMWF wind stress to map atmospheric forcing. Qiu and Chen (2010b) for the strength of the Kuroshio Current and the North Equatorial Current and of Qiu and Chen (2010a) for the strength of the Kuroshio Extension jet.
Argo observations are available for only 8 years; hence, it is not possible to study correlation of ocean transport and wind forcing for the multiyear time scale (6-8 year period) characteristic of the dominant gyre patterns. The meridional geostrophic transport anomaly between 1808 and 1508E is computed both from Argo data (from the surface to 2000 db) and from the Sverdrup relation; similarities are observed in a latitude-time plane (section 4), and this is consistent with local forcing playing a significant role. Yearly maps of Ekman upwelling confirm that, west of the date line, the sign of the anomaly indicates (by Sverdrup dynamics) a stronger gyre in 2004/ 05 and a weaker gyre in 2008/09. A forcing contribution from the eastern subtropics will also reach the region of interest, but on a longer time scale, and is not analyzed in this study.
In addition to the variations in amplitude, a displacement of the subtropical gyre is observed during 2004/11. As described by Lysne and Deser (2002) , a comparison of the spatial pattern of interannual variance to the mean temperature structure shows that regions of maximum variability are located where the strongest north-south gradients in the mean field are found. The latitudinal boundaries of the wind-driven gyre also correspond to such regions; hence, the variance maxima are indicative of north-south shifts in the gyre boundaries. The movement observed in Argo implies that the zonally oriented major axis of the gyre tilts northwest-southeast in 2004/05 and southwest-northeast in 2008/09. Such variability is consistent with results by Qiu and Chen (2010b) for the location of the North Equatorial Current bifurcation and by Qiu and Chen (2010a) for the state of the Kuroshio Extension System. The movement can also be recreated with altimetric data and, in 1999/2000, the gyre tilts slightly southwest-northeast as in 2008/09.
In general though, in the longer period covered by altimetric SSH and ECMWF wind momentum fluxes, a somewhat different dominant pattern of interannual variability is seen. This is to be expected, given the increasing variance in ocean variability on longer time scales (i.e., the red spectrum), and as illustrated, for example, using SSH for the Argo period and for the longer record in Roemmich and Gilson (2009) (their Figs. 3.9a, b) . In the 20-yr SSH time series, a lowerfrequency pattern not seen in the 8-yr Argo record modulates the shorter-term variability. A longer Argo record is obviously needed to observe the decadal-scale fluctuations, to separate interannual and decadal signals, and for statistical confidence in relating the wind-forcing and the oceanic response. Nonetheless, we have shown here that the 8-yr Argo time series is long enough in duration and sufficiently extensive in coverage to begin describing interannual variability of the wind-driven subtropical gyre. 
